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MEASUREMENTS OF TUXBOUMCB CHARACTERISTICS IN HATER AMD DILUTE fOLTMOt SOLUTIONS*
Tedeuez K ow elaki**
U a lv a r s ity  o f  Shod* IsL and 
K in g s to n , Rhode I s la n d
ABSTRACT
M easureoients o f  tu rb u le n ce  c h a r a c t e r i s t i c s  w ere aade I n s id e  a boundary 
la y e r  in  e x te r n a l f l o w  o f  w ater and in  w a te r  w ith  p o ly n e r  a d d i t iv e s  o f  the 
F o ly o x  ty p e . F lush  mounted h o t - f i l m  s e n s o rs  a ^  w edge, p a r a b o l i c ,  and c y l i n d r i ­
c a l  s e n s o rs  w ere used to  m easure th e  tu r b u le n t  v e l o c i t y  f l u c t u a t i o n s .  Graphs a re  
g iv e n  o f  en erg y  d e n s i t y ,  d i s s i p a t i o n ,  tu rb u le n ce  sh e a r  c o r r e l a t i o n  s p e c t r a ,  and 
m ic r o s c a le  o f  tu rb u le n ce  d i s t r i b u t i o n .  T e s ts  w ere run in  an open ch a n n e l f lo w  
a t  one R ey n o lds  number and two r a t e s  o f  po lym er in je c t i o n  t o  g iv e  20 and 4 0  ppm 
a verag e  c o n c e n t r a t io n  in  the boundary la y e r .  The r e s u l t s  in d ic a t e  th a t  the advent 
o f  the q u a r tz  in s u la t e d  h o t - f i l m  se n s o r  p e rm its  many u s e fu l m easurements to  be 
made in  co n d u c t in g  l i q u id s .  The g e n e ra l a p p l i c a t i o n  has to  b e , h ow ever, c a r e ­
f u l l y  c o n s id e r e d  s in c e  th e  c a l i b r a t i o n  in  l iq u id s  w ith  im p u r it ie s  o r  w ith  a d d i t iv e s ,  
e s p e c i a l l y  drag  re d u c in g  p o ly m e rs , i s  s t i l l  a v e ry  d i f f i c u l t  and u n c e r ta in  p r o ­
ce d u re . The m ost r e l i a b l e  r e s u l t s  a v a i la b le  a t  p r e s e n t  a re  the o n es  o b ta in e d  
from  th e  d a ta  arra n ged  in  the form  o f  a r a t i o  o f  two measurements thus c a n c e l l in g  
ou t the c a l i b r a t i o n  fa c t o r s .  Even so  a d i r e c t  q u a n t i t a t iv e  com p arison  ca n n ot 
be made between m easurem ents in  w ater and in  polym er w ith o u t a c c u r a te  c a l i b r a ­
t io n  o f  the h o t - f i l m  s e n s o r s ,  w hich  i s  n o t  y e t  p o s s ib l e .
INTRODUCTION
The m easurements o f  the f lo w  c h a r a c t e r i s t i c s  in  l iq u id s  have r e c e iv e d  a 
v ery  welcom e " s h o t  in  the arm" w ith  the adven t o f  the h o t - f i l m  s e n s o r . The p r e ­
v io u s ly  fa v ored  p o s i t i o n  o f  the gas d y n a m ic is t  u s in g  hot w ire s  has been d r a s ­
t i c a l l y  reduced when q u a r tz -c o a te d  h o t - f i l m  s e n s o rs  became a v a i la b le  f o r  w ork 
in  co n d u c t in g  l i q u id s .  In a d d i t io n  the developm en t o f  the c o n s ta n t  tem perature 
anemometer ( e s p e c i a l l y  the t r a n s i s t o r i z e d  s e t )  added to  the a c cu r a c y , s t a b i l i t y ,  
and s o p h is t i c a t i o n  o f  the m easurem ents.
W ith the above  m entioned m a jo r  a d v a n ce s , the flow  measurem ents in  l i q u id s  
a re  s t i l l  v ery  much more d i f f i c u l t  t o  co n d u ct  than in  a i r .  The problem s a s s o ­
c ia t e d  w ith  the o p e r a t io n  o f  the h o t - f i l m  se n so rs  in  l iq u id s  a r e :
1. Contam inants p re se n t in  the l i q u id  wrap th em selves round the se n s o r
and change the heat t r a n s fe r  p r o p e r t ie s  o f  the h o t  f i lm .  The c y l i n d r i ­
c a l  shaped se n s o r  w ith  the a x is  o f  the c y l in d e r  a t  a r i g h t  a n g le  to  
the b u lk  v e l o c i t y  o f  the flo w  i s  most s u s c e p t ib le  to  t h is  kind o f  
com tam in ation . V isu a l o b s e r v a t io n  o f  th e  se n s o r , i f  p o s s ib l e ,  ca n  
d e t e c t  the fo r e ig n  m a tter  round the s e n s o r .  I f  the se n s o r  i s  h idden  
from  s ig h t  the m o n ito r in g  o f  th e  v o lt a g e  output i s  e s s e n t ia l .
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* * A s s o c la t e  P r o fe s s o r  o f  Ocean E n g in e e r in g
2 . D e p o s it s  form  on  the h o t - f i l m  s u r fa c e s .  Due t o  the h ea ted  f i lm  su r fa ce s  
la y e r s  o f  f o r e ig n  m a tter  a re  d e p o s ite d  from  the l i q u id  and the h e a t  t r a n s fe r  
c h a r a c t e r i s t i c s  o f  the se n s o r  a re  a l t e r e d .  F req u en t c a l i b r a t i o n  ch eck s  
and c la a n ln g  o f  s e n s o r  s u r fa c e s ,  a lth o u g h  a n u isa n ce , a re  e s s e n t i a l .
Use o f  p u r i f ie d  o r  d i s t i l l e d  w ater w i l l  s u b s t a n t ia l l y  red u ce  th e  two above 
p ro b le m s . This remedy i s  n o t,h ow ever , f e a s i b l e  in  m ost e x p e r im e n ta l s e t u p s .
3 . The tem perature changes o f  the l iq u id s  d u r in g  the t e s t s  a l t e r  the c a l i ­
b r a t io n  o f  the h o t - f i l m  s e n s o r s .  T ests  have to  be con d u cted  a t  a c o n s ta n t  
tesq>erature o r  c a l i b r a t i o n s  a t  d i f f e r e n t  tem peratures have to  be o b ta in e d .
4 .  O verheat r a t i o  a p p l ie d  t o  the se n s o r  has to  be c a r e f u l l y  ch o s e n . Too 
h igh  an o v e rh e a t w i l l  p rodu ce  a i r  b u b b les  w hich a t ta c h  them se lves  q u it e  
f i r m ly  to  the s e n s o r .  Too low an o v e rh e a t w i l l  g iv e  low s e n s i t i v i t y
to  v e l o c i t y  f l u c t u a t i o n s .  The c h o ic e  o f  the o v e rh e a t r a t i o  i s  b e s t  
o b ta in e d  by t r i a l .  The usua l range f o r  work in  w a te r  i s  from  a b o u t 
1 .05  to  1 . 1 0  w ith  the low er f i g u r e  a p p ly in g  to  w a te r  flo w  up to  a b ou t 10 
f t / s e c .
5 . E ro s io n  o f  the q u a r tz  c o a t in g  by the im p act o f  im p u r it ie s  in  the l i q u id s  
o r  by s c o u r in g  a c t io n  o f  the f lo w  w i l l  p roduce  in cre a se d  c o ld  r e s is t a n c e  
o f  the se n so r  a t  an e a r ly  s ta g e .  A com p le te  s h o r t in g  o f  the s e n s o r  w i l l  
o c c u r  s h o r t ly  a fte r w a r d s .  W ith the p r e se n t  s t a t e  o f  the a r t  o f  th e  q u artz  
c o s t in g  a p p l i c a t i o n  th e  l i f e  span o f  a probe  ca n n o t be p r e d i c t e d .  Some 
may f a i l  v ery  q u ic k ly ,  o th e rs  la s t  a lo n g  tim e. Frequent ch e ck s  o f  the 
c o ld  r e s is t a n c e  o f  the sen sor  a re  th e r e fo r e  r e q u ir e d .
6 . H o t - f i lm  se n s o rs  a re  a l s o  v ery  v u ln e r a b le  to  a c c id e n t a l  b rea k a ge , more so  
i t  seem s, in  w ater than in  a i r  t e s t s .  In  a d d i t io n  h o t - f i lm  s e n s o rs  cannot 
be r e p a ire d  in  th e  la b o r a t o r y .
In  s p it e  o f  a l l  th e se  d i f f i c u l t i e s  a number o f  experim en ts in  l i q u id s  have 
been perform ed u sin g  h o t - f i l m  se n s o rs  w ith  v a ry in g  d e g re e s  o f  s u c c e s s .  The te s t s  
c o n s is t e d  o f  th e  measurem ents o f  v e l o c i t y  p r o f i l e s ,  tu rb u le n ce  in t e n s i t i e s ,  and
o n e -d im e n s io n a l energy  s p e c t r a .  Among them a re  the t e s t s  perform ed by R a ic h le n , 8
1 7  3F a b u la , P a t te r s o n , Johnson  and B arch i and o t h e r s .
The t e s t s  d e s c r ib e d  in  t h is  paper w ere perform ed as p a r t  o f  a la r g e r  i n v e s t i ­
g a t io n  o f  the e f f e c t  o f  the I n je c t io n  o f  polym er a d d i t iv e s  in to  the boundary 
la y e r  o f  an e x te r n a l f l o w .  They show the tu rb u le n ce  c h a r a c t e r i s t i c s  in  a  boundary 
la y e r  f o r  w ater flo w  and f o r  w a te r  f lo w  w ith  polym er a d d i t iv e s .
The f o l lo w in g  stan dard  d e s c r ip t i o n s  and p r e s e n ta t io n s  o f  the tu rb u le n ce  
c h a r a c t e r i s t i c s  were em ployed
D e f in e  E iu2 (n> •* th * o n e -d im e n s io n a l en erg y  spectrum  o f  tu rb u le n ce  f lu c t u a ­
t io n s  in  a q u a s i-s t e a d y  f lo w , th a t  i s  the sum o f  the c o n t r ib u t io n s  from  a l l  the 
f r e q u e n c ie s  betw een  n and n +  dn . I t  fo l lo w s  th a t  / J °  E^ 2 (n) dn “  The d i » "
t r l b u t l o n  o f  l ' j ^ 2 (n ) w ith  r e s p e c t  to  n g iv e s  the fre q u e n cy  spectrum  a n a ly s is  o f  
the tu rb u le n ce  energy  a t  a f i x e d  p o in t  in  the f lo w . D iv id in g  the E ^ J j(n ) energy  
c o n t e n t  by u2 and the band w id th  o f  the p a rt o f  the sp ectrum  b e in g  a n a ly se d  the s o -
c a l l e d  n o rm a lize d  e n e rg y  d e n s i t y  fu n c t io n  J (n )  i s  o b t a in e d .
1) P lo t s  o f  F i u2 ( n) v e rsu s  n -  The e n e rg y  d e n s i t y  d i s t r i b u t i o n  co n te n t  in  the 
d i f f e r e n t  fr e q u e n c y  ra n g e s .
Of p a r t i c u l a r  in t e r e s t  a r e :  i )  the u n iv e r s a l  e q u i l ib r iu m  range ( e s p e c i a l l y  the 
v is c o u s  s u b -r a n g e ) .  i i )  the en e rg y  c o n t a in in g  ra n g e .
The maximum o f  F^u2 (n )  graph g iv e s  kg the wave number o f  the ra n g e  o f  th e  e n e rg y  
c o n t a in in g  e d d ie s  as w e l l  as the le n g th  s c a le  j(^  o f  the tu rb u le n ce  w here
U
2n
2) P lo t s  o f  n^Fj- 2 ( 11) v e rsu s  n -  D is s ip a t i o n  d i s t r i b u t i o n  th rou g h ou t th e  range
o f  f r e q u e n c ie s .  6 0 ( t^ v 2u^/U2) /"n^P ^ - 2 (n )d n  g iv e s  the t o t a l  d i s s i p a t i o n  o f
2
the i s o t r o p i c  tu rb u le n ce  en e rg y  a t the p a r t i c u l a r  p o in t  o f  m easurem ent.
In  a d d i t io n  th e  maximum o f  the n2F ^ J ( n )  cu rv e  in d ic a t e s  the f r e q u e n c ie s  o f  the 
d i s s i p a t i v e  e d d ie s  and g iv e s  th e  v a lu e  f o r  .
3) P lo t  o f  th e  c o r r e l a t i o n  c o e f f i c i e n t  v e r s u s  n -  The p r o d u c t io n  o f  tu rb u ­
le n c e  en ergy  can  be in v e s t ig a t e d  by m ea su rin g  th e  com ponents o f  the sh e a r  s t r e s s  
t e n s o r .  In  the boundary la y e r  o f  a tw o -d im e n s io n a l ch a n n e l f lo w  the im p orta n t 
com ponent i s  TT7 which can  be m easured by an x - t y p e  h o t - f i l m  s e n s o r .
4 ) P lo t  o f  the m ic r o s c a le  A v e rsu s  x and y -  Y et a n o th e r  in s ig h t  in to  th e  tu rb u ­
le n c e  c h a r a c t e r i s t i c s  o f  the f lo w  can  be o b ta in e d  from  m ic r o s c a le  m easurem ents 
w here m ic r o s c a le  \ ca n  be re g a rd e d  as a m easure o f  the sm a lle r  e d d ie s  w h ich  a re  
p r im a r i ly  r e s p o n s ib le  f o r  the d i s s i p a t i o n  o f  the tu rb u le n t  e n e rg y . T here are a 
number o f  m ethods o f  m easuring  the m ic r o s c a le .  The two m ethods used h e re  w ere : 
Z e ro  cou n t method** -  c o n s i s t s  o f  c o u n t in g  the number o f  c r o s s in g s  o f  a v e ra g e  
v e l o c i t y  by the tu rb u le n t  v e l o c i t y  f l u c t u a t i o n s  per s e c o n d .
2E nergy  s p e c t r a  method -  c o n s i s t s  o f  the in t e g r a t i o n  o f  a re a s  under the en erg y  
d e n s i t y  d i s s i p a t i o n  c u r v e s .  The m ic r o s c a le  i s  then o b ta in e d  from
1 ii-1 ; ° ° n 2 F, 2 (n )dn  
—7  -  -> J o  lu1
INSTRUMENTATION
An open ch a n n e l o f  3 Inch  w id th , 6 in ch  h e ig h t  (w a te r  d e p th  a p p ro x im a te ly  2 .S  
in c h )  and 6 f e e t  le n g th  was used in  th e se  e x p e r im e n ts . A 3 - in ch  by 4 - ln c h  sand - 
s t r i p  (sand g ra in  s i z e  o f  0 .0 4 7  in ch ) was f i x e d  to  the bottom  o f  the ch a n n e l 9 
In ch e s  ahead o f  the i n j e c t i o n  s l o t  t o  p r o v id e  a t h ic k e r  tu r b u le n t  boundary  la y e r .  
P olym er s o l u t i o n  was in je c t e d  a t  the bottom  o f  the ch a n n e l through  a s l o t  I n c l in e d  
a t  5 °  to  th e  d i r e c t i o n  o f  the f lo w  from  a r e s e r v o i r  k e p t  under c o n s ta n t - p r e s s u r e .
The h o t - f i l m  p ro b e s  used w ere b oth  o f  DISA and THERMO SYSTEMS IRC. m anufacture. 
The f o l lo w i n g  se n s o rs  w ere u se d :
Wedge DISA Type 55A83
Flush mounted DISA Type 5SA91
P a r a b o lic T -S . I . T ype 1236-qW
"X " c o n f ig u r a t io n  
h o r iz o n t a l
T .S . I . Type 1240-Q H -20-2
"X " c o n f ig u r a t io n  
v e r t i c a l
T - S . I . Type
h
The e l e c t r o n i c  In stru m e n ts  u se d :
DISA Anem om eters Type 55A01
DISA C o r r e la t o r Type 55A06
DISA L in e a r i z e r Type 55D10
H e w le tt-P a ck a rd  
M a g n etic  Tape
14 ch a n n e l 
R e c o r d e r
Type 3914B
B ru e l & K ja e r F req u en cy  A n a ly z e r Type 2107
B ru e l & K ja e r L e v e l R e c o rd e r Type 2305
B ru e l & K ja e r RMS V o ltm e te r Type 2410
METHODS OF ANALYSES
The r e a d in g s v e r e  taken  w ith  the se n s o r  a t  a s p e c i f i e d  lo c a t i o n  in  th e  f lo w  o f  
w a te r  and th en  in  w a te r  w ith  po ly m er i n j e c t i o n .  A f t e r  each  i n j e c t i o n  th e  s e n s o r  
was k ep t in  p la c e  u n t i l  the o r i g i n a l  w a te r -a lo n e  r e a d in g  was o b s e rv e d . The s e n s o r  
was then  moved to  i t s  new p o s i t i o n .  T h is p r o ce d u re  ensured  th a t  the re a d in g s  
w ere u n a f fe c t e d  by p r e v io u s  i n j e c t i o n s .
The use o f  h o t - f i l m  se n s o r s  in  polym er s o l u t i o n s  i s  s u b je c t  to  a s u b s t a n t ia l  
a t te n u a t io n  o f  the h e a t  t r a n s f e r  r a t e .  In  the c a l c u la t i o n s  o f  en ergy  and tu rb u ­
le n t  sh ea r c o r r e l a t i o n  s p e c t r a  an a ssu m p tion  was made th a t  the a t te n u a t io n  o f  h o t -  
f i lm  se n s o r  o u tp u t  was fr e q u e n c y  in d ep en d en t w it h in  the range o f  f r e q u e n c ie s  
e n co u n te re d  a t  the R ey n o ld s  number o f  the t e s t s .  Hence by d i v id in g  th e  RMS v o l t ­
age ou tp u t a t  a g iv e n  fr e q u e n c y  by the t o t a l  RMS v o l t a g e  o f  the s i g n a l ,  c a l i b r a ­
t io n  o f  th e  s e n s o r  was n o t  r e q u i r e d .
T u rb u len ce  M easurem ents
The tu r b u le n c e  m easurem ents w ere re c o rd e d  on m a gn etic  ta p e  lo o p s  and sp ectru m  
a n a ly ze d  u s in g  the arrangem ent shown in  F ig u re  1.
The o u tp u ts  from  the w edge and p a r a b o l i c  shape se n s o rs  w h ich  r e c o rd e d  the 
f l u c t u a t i o n s  o f  tu rb u le n t  v e l o c i t i e s  in  the d i r e c t i o n  o f  the m ain flo w  w ere c o n ­
v e r t e d  to  o n e -d im e n s io n a l en e rg y  d e n s i t y  s p e c t r a .
E nergy a n a ly s is  in d ic a t e d  th a t  the f r e q u e n c ie s  o f  tu r b u le n t  v e l o c i t y  f l u c t u a ­
t io n s  w ere c o n c e n t r a t e d  in  the ra n g e  0 -3 0 0  H e r tz . S in ce  th e  norm al ra n g e  o f  th e  
sp ectru m  a n a ly z e r  used was 2 0 -2 0 ,0 0 0  H ertz an a d d i t io n a l  f i l t e r  s e c t io n  was added 
w h ich  low ered  the ra n ge  down t o  6 .3  H e rtz . F in a l l y  the tape lo o p s  w h ich  w ere 
r e c o rd e d  a t  a sp eed  o f  15 in ch e s  p e r  second  w ere p la y e d  back a t  30 in c h e s  p er  
se c o n d  p e r m it t in g  the a n a ly z e r  to  lo o k  at f r e q u e n c ie s  as low a s  3 .1 5  H e r tz . The 
sp ectru m  a n a ly z e r  used  had a c o n s t a n t  p e r ce n ta g e  bandw idth  ad ju stm en t from  6% up 
to  30Z . In  t h i s  a n a ly s is  the narrow  bandw idth o f  61 was used th ro u g h o u t.
The sp ectru m  a n a ly s is  was p e r fo rm e d  as f o l l o w s :
The a a g n e t ic  ta p e  lo o p  was p la y e d  through  the sp ectru m  a n a ly z e r  w h ich  was 
o p e r a te d  in  th e  m anual mode. A c e n t r a l  fr e q u e n c y  was s e l e c t e d  and the ou tp u t o f  
the sp ectru m  a n a ly z e r  fe d  in t o  a RMS v o ltm e te r  w h ich  had a number o f  in t e g r a t i o n  
tim e c o n s t a n t s .  TWO in t e g r a t i o n  tim e c o n s ta n ts  w ere  u se d , 30 secondsand 100 
s e c o n d s ,  d e p e n d in g  on the w id th  o f  th e  band b e in g  a n a ly z e d . A p p ro x im a te ly  15 
c e n t r a l  f r e q u e n c ie s  w ere used in  th e  a n a ly s is  c o v e r in g  the ra n ge  o f  3 .1 5  to  300 
H e r tz .
RMS v a lu e s  o f  t o t a l  s i g n a l  w ere  a ls o  m easured . The 'n o n -d im e n s lo n a l lz e d ' 
e n e rg y  d e n s i t y  sp ectru m  fu n c t io n  was then o b t e in e d  a t  each  c e n t r a l  fr e q u e n cy  
la v e s t i g a t e d  from  th e  form u la
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where An ■ 0 .0 6  cen tral frequency
'e «  t ia e  averaged RMS valu e In m il l iv o lt s  
Values o f  F ™ }(n ) were then p lo tte d  on a log sc a le  versus the log of the 
frequency n.
The ' non-dim enslonallzed ' energy d en sity  spectrum fun ction  F^5(n) as defined  
here d i f f e r s  from the usual normalized energy d en sity  spectrum function  F ^~?(n ). 
f^JJ(n) fu n ction  was obtained by d iv id in g  the energy content w ithin a given band 
o f  the spectrum by an a r b itr a r ily  s e t  le v e l of the to ta l RMS sig n a l. Hence the 
area under the p  (n) Is not equal to  unity but Is  same m u ltip le  o f  unity. The 
curves are presented In th is  form fo r  I l lu s t r a tio n  o f the type o f  measurements 
that nay be taken with h o t - f l ln  probes. They are not meant to  be used for  quanti­
ta tiv e  a n a ly sis  o f  turbulence.
Thus the curves shown In Figu res 5 -8  and 10-11 have th e ir  ordinates 'non- 
d lm e aslon a llsed ' by d ivid in g the narrow band energy conten t, based on a particu lar  
center frequ ency, by the energy conten t o f  the t o ta l s ig n a l. Hence, the curves 
fo r  water and polymer flow s cannot be compared q u a n tita tiv e ly  (s in c e  each is  
divided by a d iffe r e n t  to ta l energy v a lu e ). However, the treads o f  the curves 
give an in d ic a tio n  of the behavior o f the energy content throughout the fr e ­
quency range.
To In v e stig a te  d issip a tio n  o f  turbulence energy the power d en sity  spectra  
Kl u l (n) ware converted to the v isco u s d iss ip a tio n  spectra o f the fo ra  n^Flu 2 <n) 
and p lotte d  on a log s c a le . Hinze2 shows that fo r  Isotrop ic  turbulence the 
en e rg y -d iss ip a tio n  t can be ca lc u la ted  from the
formula «•  b O ( * ^ 2u n * f ”u2 (n)dn.
Hence i f  i t  Is  asstmed that In a n o n -lso tro p tc  boundary layer flow  the energy 
d is s ip a tio n  a lso  varies with nJFJ^J(n) then the areas under the d issip a tio n  
spectra curves w i l l  show the v a ria tio n s  o f  the turbulence d is s ip a tio n . Support
f o r  th is assumption a r ise s  from the work o f  B atchelor and Chandrasekhar described
2in  Hinze, Chapter 4 ,  N onisotropic Turbulence .
The uv turbulent shear cosponent was nmasured using an ”X "-ty p e  o f sensor 
s p e c ia lly  constructed by Thermo-Systems, In c . The required component was extracted  
from  the voltages o f the two w ires as fo llo w s:
I f  e i  and e 2  are the flu ctu a tin g  components o f the voltages from the two
w ir e s  o f  "J P '-s e n s o r , Chen
e l * au + bv
H en ce :
e| + e 2 * 2au
*2 * au -  bv e j  -  e 2 -  2bv
I f  the two sensors are matched and set at ex a ctly  4 5 ° to the d ire c tio n  of the, 2 2
fr e e  stream v e lo c ity  then a “  b and 4a‘ uv ■ e^ -  e ^ • Taking time averages of 
both  s id e s , c o n st . ' uv • (e j -  e j ) .
The signals e^ and e^ were fed Into the spectrum analyzer and hence for a l l  
band widths dn, c o n st. • uv(n) ” e ^ n )^  - e 2 (n )^ . To elim inate the unknown con­
sta n t the re su lts  were ca lc u la ted  In the form of an apparent shear c o rre la tio n  
c o e f f ic ie n t  obtained by d iv id in g  the above expression  by the value o f the product 
o f  the two s ig n a ls .
Thus
Measurements were a lso  made by means of a flush-mounted h o t-f l lm  sensor on 
the cen ter line o f  the channel 2 6 .5  in. downstream of the In jection  s l o t .  The hot- 
f l lm  sensor in a constant temperature system In dicates heat removed from I t s  sur­
fa c e  by the mean and flu c tu a tin g  v e lo c it ie s . At the boundary where v e lo c it ie s  are 
approximately z e r o , heat w i l l  be transferred away from the film  sensor by convec­
tio n  and radiation  with the convection being predominant. The moment the heat 
leaves the boundary, however, i t  is  further dispersed by the mean and flu ctu atin g  
v e lo c it ie s  ia e d ia t e l y  adjacen t to the boundary, the main component being the one 
In the d irec tio n  of the flow . This v e lo c ity  can be considered to be the shear
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v e l o c i t y  and s i n c e  uT ”  <Tw/p ) ^  th e  f lu s h  m ounted s e n s o r  w i l l  g iv e  an in d i c a t i o n The a b o v e  fo rm u la  g iv e s  a  p r a c t i c a l  m ethod o f  e s t im a t in g  th e  m ic r o s c a le
o f  th e  f lu c t u a t i o n s  o f  the w a l l  sh e a r  s t r e s s e s . o f  t u r b u le n c e  in  th e  f l o w .  T he m ethod i s  a p p ro x im a te  s i n c e  i t  dep en d s o n  b o th
The m easurem ents o b ta in e d  fro m  the f l u s h  m ounted p r o b e  w ere  a n a ly z e d  the u and ( d u /d t )  h a v in g  a n orm al and In d ep en d en t d i s t r i b u t i o n .  W h ile  u i s  known
same way as the o n e -d im e n s io n a l en e rg y  d a t a .  The r e s u l t s  w ere p l o t t e d  in  the Co h a ve  a c l o s e l y  G aussian  d i s t r i b u t i o n ,  even  in  n o n i s o t r o p i c  t u r b u le n c e ,  the
f o r a  o f  energy  d e n s i t y  and d i s s i p a t i o n  s p e c t r a . d i s t r i b u t i o n  o f  ( d u /d t )  i s ,  i n  g e n e r a l ,  n o t  G a u ssia n . Tow nsend1® v e r i f i e d  
e x p e r im e n t a l ly  th a t  (d u /d t )  h a s  a sm a ll d e v i a t i o n  from  th e  norm al d i s t r i b u t i o n .
M ic r o s c a le  M easurem ents
T h is d e v i a t i o n  i s  due to  the n o n - l i n e a r i t y  o f  th e  e q u a t io n s  o f  m o t io n .
The m ic r o s c a le  was a l s o  c a l c u l a t e d  from  the m easured  s p e c t r a  o f  tu r b u le n c e
A co m p a r a t iv e ly  s im p le  m ethod o f  m e a su rin g  th e  m ic r o s c a le  o f  t u r b u le n c e  i s
u s in g  a r e l a t i o n  due to  Townsend
g iv e n  by Liepmann e t  a 1 7  a d a p te d  from  I n v e s t ig a t i o n s  i n t o  e l e c t r i c a l  n o i s e
p r o b le a s  by R ic e  7  The m ethod i s  based  on  th e  c o n s id e r a t i o n  o f  th e  e x p e c te d 7 ’  a v<"m”
number o f  c r o s s i n g s  o f  the s i g n a l  t r a c e  th ro u g h  a c o n s t a n t  v a lu e ,  c a l l e d  z e r o ,
p e r  u n i t  tim e in  s t a t io n a r y  random  p r o c e s s e s . Hence th e  m ic r o s c a le  ca n  b e  r e a d i ly  o b ta in e d  by in t e g r a t i o n  o f  the a re a
F o llo w in g  L iep m an n 's  d e r iv a t i o n  l e t  th e  p r o b a b i l i t y  o f  t r a c e  u ( t )  ly i n g und er the d i s s i p a t i o n  sp e ctru m .
b etw een  £ and ? +  d ? and i t s  d e r iv a t iv e  ( d u /d t )  betw een  r, and q +  d be d e n o te d
by P (  ,)d fd  . The p r o b a b i l i t y  P ( s » r])d ^ d T) th en  g iv e s  th e  tim e th e  t r a c e  rem ains RESULTS AND DISCUSSION
in  th e  in t e r v a l  * and T + d £. The number o f  p a ss a g e s  o f  the t r a c e  th rou g h  the
in t e r v a l  d '  i s  o b ta in e d  by d i v i d i n g  P (C »" ,)d td  , by the tim e r e q u ir e d  f o r  one
T y p ic a l  r e s u l t s  o b ta in e d  fro m  th e se  t e s t s  and c a l c u l a t i o n s  a r e  p r e s e n te d
c r o s s i n g  w hich i s  e q u a l to  t  *  (<i r /  |"i|) - A b s o lu t e  v a lu e  o f  ( " v e l o c i t y * '  in
in  th e  form  o f  g ra p h s . Some o f  th e se  w ere in c lu d e d  in  tw o p r e v io u s  p a p e r s  by 
Kow alski**** w h ich  d is c u s s e d  th e  d ra g  r e d u c t io n  a s p e c t s  o f  polym er i n j e c t i o n .
c r o s s i n g  the in t e r v a l  d r )  has t o  be used to  a c c o u n t  f o r  a l l  the c r o s s i n g s
w h eth er com ing from  above  o r  b e lo w  the c o n s t a n t  v a lu e .  The t o t a l  number o f
A d r a m a tic  change in  th e  c h a r a c t e r  o f  the t u r b u le n c e  was o b se rv e d  i n  the
c r o s s i n g s  i s  then
b ou n da ry  la y e r  ea ch  tim e the p o ly m e r  was in j e c t e d .  When the a d d i t iv e  was p r e ­
se n t  the sm a ll a m p litu d e  (h ig h  fr e q u e n c y )  tu r b u le n t  v e l o c i t y  f l u c t u a t i o n s
*  P ( r , - , ) d  '  d -1 / . «  1 1 * < c .  . j a - i - B j d isa p p e a r e d  and the la rg e  a m p litu d e  ( lo w  fr e q u e n c y )  f l u c t u a t i o n s  w ere en h a n ce d .
9R ic e  g iv e s  a m ore r ig o r o u s  p r o o f  o f  the a b o v e .
The ch an ge in  th e  d i s t r i b u t i o n  o f  edd y  s i z e s  was o b s e r v e d  and co n fir m e d  by 
two m ethods o f  a n a ly s is .
F o r  l in e a r  p r o c e s s e s ,  w h ich  d o  n ot r i g o r o u s l y  a p p ly  to  t u r b u le n c e  p r o c e s s e s .
S t r i p - c h a r t  r e c o r d s  o f  th e  v e l o c i t y  f l u c t u a t i o n s  showed the fr e q u e n c y  and
the fo l lo w in g  a ssu m p tio n s  can  be made b etw een  N r and th e  s p e c t r a  o f  th e  tu rb u -
a m p litu d e  c h a n g e s .  F ig u re  2 show s a t y p i c a l  r e c o r d .  S t r e t c h in g  the s t r i p -
le n c e .  u (d u ,d t )  ■ 0 ;  t h is  means th e re  i s  no c o r r e l a t i o n  betw een  u and (d u /d t )
c h a r t ' s  tim e b a se  shows the ch a n g e  In  fr e q u e n c y  more c l e a r l y ,  cu r v e  (a )
and it u and ( d u /d t )  have G au ssian  d i s t r i b u t i o n s  the
r e p r e s e n ts  th e  tu rb u le n t  f l u c t u a t i o n s  in  w a te r  and c u r v e  (b )  in  th e  f lo w  w ith
"• * • /(«)
p o ly m e r . T h is  a l s o  p e rm its  th e  use o f  the z e r o  c o u n t in g  te ch n iq u e  o f  m ic r o s c a l e  
o f  t u r b u le n c e  e s t im a t io n .  When polym er was I n je c t e d  th e  ze ro  c o u n t in g  m ethod 
I n d ic a t e d  up t o  100Z I n c r e a s e  In  the s i z e  o f  the m lc r o e d d le s  n ea r the s o l i d
H ence the number o f  z e r o s  f o r  '  • 0 b ou n d a ry . M ic r o s c a le  m easurem ents w ere made a t  v a r io u s  p o s i t i o n s  a lo n g  che
-.-73 y®’ c h a n n e l .The ch a n g e s  o f  the m ic r o s c a l e  o f  t u rb u le n ce  w ith  th e  d i s t a n c e  p e r p e n d ic u la r
w here to  th e  bou n dary  a re  shown in  F ig u r e  3 and a lo n g  the b ou n d a ry  in  F ig u re  U. The
N0 i s  th e  a v e r a g e  number o f  z e ro  c r o s s i n g s  o f  u ( t )  p e r  s e c o n d . r e s u l t s  a re  g iv e n  a s  a r a t i o  o f  m ic r o s c a le  s i z e  in  the po ly m er and in  th e
Using T ow n sen d 's  method o f  d e te r m in in g  th e  v a lu e  o f  m ic r o s c a le  X g iv e n  by w a te r  so  th a t  th e y  show d i r e c t l y  th e  e f f e c t  o f  che p r e s e n c e  o f  polym er a d d i t i v e
± . j- f^ r 
u2
in  th e  b ou n da ry  la y e r .
The s i z e  o f  the tu r b u le n t  e d d ie s  d o u b le d  a t  a d i s t a n c e  o f  0 .0 2 S  in .  a b ov e  
the boundary  b u t rem ained u n a f f e c t e d  a b o v e  0 .6  I n . T h is  d e f in e d  the e f f e c t i v e
and a p p ly in g  tn e  a p p rox im a te  in te r c h a n g e  betw een  tim e and sp a ce  d e r i v a t i v e s
e x t e n t  o f  d i s p e r s i o n  o f  th e  p o ly m e r  In  the b oundary  la y e r  a t th a t  p o s i t i o n .
The boundary t h ic k n e s s  1 f t .  dow nstream  from  th e  I n j e c t i o n  s l o t  was a p p r o x i ­
m a te ly  0 .8  i n .  in  w a te r  w ith  a  l o c a l  R ey n o ld s  number o f  1 .6  x 10^ based o n  the
S u b s t it u t in g  che above e x p r e s s i o n  i n t o  th e  p r e v io u s  fo rm u la  g iv in g  N0
d i s t a n c e  o f  th e  t e s t  s e c t i o n  fro m  the sand s t r i p .
In  th e  dow n streem  d i r e c t i o n  a t  0 .1  in .  a b o v e  the boundary  th e  edd y  s c a l e
we o b ta in
in c r e a s e d  1 .8 *  tim es the s i z e  in  w a te r  a lo n e  a t  a  p o in t  7 l a .  away from  th e
l .
> U i n j e c t i o n  s l o t  end l .S S  t im e s  i t s  s i z e  in  w a te r  36 in .  from  the s l o t .  T h is
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l in e  o f  th e  ch a n n e l w ith in  the boundary la y e r  a t  2 f t .  and 3 f t .  downstream
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r e l a t i v e l y  sm all change in d ic a t e d  that the polym er is  re ta in e d  in  the boundary 
la y e r  f o r  a s u b s ta n t ia l d is t a n c e  a lon g  the d i r e c t i o n  o f  flo w .
The cu rves shown in  F ig u res  3 and U were drawn through p o in ts  c a lc u la t e d  
u s in g  hoth m ethods o f  m ic r o s c a le  m easurem ent-zero count and In te g r a t io n  o f  
a re a s  under the d i s s ip a t io n  c u r v e s . The agreem ent between the r e s u lt s  o f  the 
two sac c Nods is  very  good .
T y p ica l m easurements o f  the o n e -d im en s ion a l v e l o c i t y  f lu c t u a t io n s  in  the 
d i r e c t i o n  o f the mi 1n flo w  w ith  two r a t e s  o f polym er in je c t i o n  a re  presen ted  
as en erg y  d e n s ity  s p e ctra  In F ig u re s  5 to  8. They were taken on the c e n t e r
from  the i n j e c t i o n  s l o t  and a t s e v e r a l  h e ig h ts  up to  0 .8  in .  above the b ottom  
o f  the ch a n n e l.
W h ile  o r d in a te  v a lu e s  o f  the s p e c t r a  f o r  w ater and polym er ca n n ot be com ­
pared d i r e c t l y ,  the cu rv e s  show th a t the energy  co n te n t  in  polym er flo w  v an ish es  
a t  a low er fre q u e n cy  than f o r  w a te r  and th a t  the maximum o f  the polym er d i s s i p a ­
t io n  c u r v e  o c c u rs  a t  a low er fre q u e n cy  than f o r  w a te r . The la t t e r  im p lie s  a 
low er wave number o f  d i s s i p a t iv e  e d d ie s  ( l a r g e r  s i z e  o f  m ic ro e d d ie s )  when 
polym er i s  added . This su p p re ss io n  o f  the h igh er  frequ en cy  p a rt o f  energy  
s p e c tra  by polym er a d d i t iv e s  is  ev id e n ce d  by the d isa p p e a ra n ce  o f  the s ig n a l 
a t  h ig h e r  fr e q u e n c ie s ,  ca u s in g  the va lu e  o f  the num erator in  the 'n o n -d im e n - 
s i o n a l i z e d ' e n erg y  e x p r e s s io n  to  approach  z e r o .  The above remarks a p p ly  a l s o  
to  the m easurem ents o f  the tu rb u le n t shear c o r r e la t i o n  s p e c tr a  and d a ta  shown 
in  F ig u re  11.
Two o th e r  im p ortant tu rb u le n ce  c h a r a c t e r is t i c s  were o b ta in e d  from  the 
measurem ents o f  v e l o c i t y  f lu c t u a t io n s  -  the m ic ro s c a le  o f  tu rb u le n ce  and the 
d i s s ip a t io n  s p e c t r a .  The d i s s ip a t io n  sp e c tra  a re  p lo t te d  in  the same f i g u r e s  
as en erg y  s p e c t r a .
The r e s u lt s  o f  the m easurements o b ta in ed  from  the f lu s h  mounted se n so r  
a re  p re se n te d  in  the form  o f  en erg y  d e n s ity  sp e c tra  in  F ig u re s  9 and 10. The 
m easurements w ere taken a t  one p o s i t i o n  o f  the sen sor  f o r  two ra te s  o f  i n je c t i o n  
o f  p o lym er. I f  the n o rm a liz in g  terms a re  about the same f o r  the two polym er 
c o n c e n t r a t io n s ,  the cu rv e s  show th a t the a d d it iv e  reduces the energy  c o n te n t  
and the d i s s i p a t io n  o f  tu rb u le n ce  energy  a t the w a l l .  The e f f e c t  o f  the a d d i -
term s a re  a b o u t  the same f o r  th e  p o ly m e r  s o l u t i o n  and f o r  w a t e r ,  the f i g u r e s  
in d i c a t e  a r e d u c t i o n  o f  one com p onent o f  the p r o d u c t io n  term  by  po ly m er a d d i­
t i v e s .  S in c e  TTV i s  a m easure o f  the t r a n s f e r  o f  momentum, th e  po ly m er a p p a r e n t ly  
c u t s  down t h i s  t r a n s f e r  r e d u c in g  the co m m u n ica tio n  a c r o s s  th e  boundary  la y e r .
F ig u re  7: E nergy  and D is s ip a t i o n  S p e c t r a
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F ig u re  10: Energy and D is s ip a t io n  S p e c tra  
F lush Mounted P rob e
CONCLUSIONS
The e x p e r im e n ts  d e s c r ib e d  in  t h is  paper in d ic a t e  that f i lm  se n s o rs  can  be 
u sed  to  m easure v e l o c i t y  f l u c t u a t i o n s  in  w a te r  and in  v ery  d i l u t e  P o ly o x  s o lu ­
t i o n s .  The m easurem ents a re  s t i l l  in  an e x p lo r a t o r y  phase o f  t h e ir  d e v e lop m en t. 
The c h o i c e s  o f  a r i g h t  shape o f  the sen sor and o f  a s u i t a b le  o v e rh e a t r a t i o  a re  
m ost im p orta n t f o r  work in  l i q u i d s .
The w edge and p a r a b o l i c  ty p es  o f  s e n s o rs  w ere found to  be s a t i s f a c t o r y  
s in c e  they proved t o  be " s e l f - c l e a n i n g " .  An o v e rh e a t r a t i o  o f  1 .0 5  gave enough 
s e n s i t i v i t y  w ith o u t  p ro d u c in g  a i r  bubb les a t  the speed o f  the t e s t s ,  i . e .  up to  
2 f t / s e c .  The X -w ire  s e n s o r  a ls o  proved to  be s a t i s f a c t o r y  s in c e  the 4 5 °  w ire s  
w e re  a lm ost " s e l f - c l e a n i n g " .  The o n ly  p rob lem  was the s i z e  o f  the X -w ire  se n s o r  
w h ich  p rev en ted  m easurem ents c l o s e r  than 0 .2  in ch  to  the s o l id  boundary .
The c a l i b r a t i o n  o f  th e  s e n s o rs  i s ,  how ever, a d i f f e r e n t  p rob lem . In  c le a n  
w a te r  the s e n s o rs  used gave c a l i b r a t i o n  c u r v e s  c l o s e l y  f o l lo w in g  the K in g 's  
L a w , i .e .  v o lt a g e  v a r y in g  a s  o n e -fo u r t h  pow er o f  sp e e d . In  d i lu t e  polym er s o l u ­
t i o n s  the c a l i b r a t i o n  cu r v e s  f l a t t e n e d  ou t above a c e r t a in  speed g iv in g  the 
same v o lt a g e  r e a d in g  f o r  a l l  the h igh er  sp e e d s . T h is co n s ta n t  v o lt a g e  v a lu e  
w as rea ch ed  at a low er sp eed  f o r  a h igher c o n c e n t r a t io n  o f  the p o ly m er. The 
w edg e -sh ap ed  s e n s o r  co u ld  be c a l ib r a t e d  o n ly  in  f lo w s  below  2 f t / s e c  f o r  40 
ppm polym er c o n c e n t r a t io n s .  In  a d d it io n  c a l i b r a t i o n s  o f  the sen sor  in  w ater 
and in  polym er s o lu t io n  ca n  change due to  a number o f  ca u ses and fr e q u e n t  ch eck s  
m ust be made d u r in g  the t e s t s .
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Thus a lth o u g h  a l l  the t e s t s  w ere  co n d u cte d  a t  f l o w  sp e e d s  b e lo w  2 f t / s e c  
th e  r e s u l t s  w ere re d u ce d  to  r a t i o s  In d ep en den t o f  th e  c a l i b r a t i o n  c o n s t a n t s  
t o  a v o id  c a l i b r a t i o n  p ro b le m s .
A n oth er u n c e r t a in t y  w hich a r o s e  in  the m easurem ents o f  en e rg y  s p e c t r a  o f  
tu r b u le n c e  was th e  fr e q u e n cy  re s p o n s e  o f  th e  s e n s o r s .  The sp ectru m  a n a ly s e s  
w ere c a lc u la t e d  a s  r a t i o s  w ith  th e  assu m p tion  th a t  th e re  was no a t te n u a t io n  
betw een  the en e rg y  c o n t e n t  o f  na rrow  band and w id e  band o r  t o t a l  RMS s i g n a l .  
T h is  a ssu m p tion  seem s re a s o n a b le  s in c e  the h ig h e s t  fr e q u e n c y  m easured in  
th e se  t e s t s  was o n ly  a bou t 300 H e r tz .
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n , '  
X
c o n s ta n ts
v o lt a g e
tim e a v e r a g e  v o lt a g e
o n e -d im e n s io n a l en e rg y  sp ectru m  fu n c t i o n s ,  d e f in e d  
in  th e  te x t  
wave number
wave number o f  e n e rg y  c o n t a in in g  e d d ie s  
wave number o f  d i s s i p a t i v e  e d d ie s  
le n g th  s c a le  o f  tu r b u le n t  e d d ie s  
fr e q u e n c y
number o f  " z e r o  c r o s s i n g s "  
p a r ts  p e r  m i l l i o n  by w e ig h t
t u r b u le n t  sh ea r s t r e s s  c o r r e l a t i o n  c o e f f i c i e n t
f l u c t u a t in g  v e l o c i t y  coaqtonents
RMS v a lu e  o f  f l u c t u a t in g  v e l o c i t i e s
w s l l  sh e a r  v e l o c i t y
mean v e l o c i t y
tim e averagedcom pon en t o f  the R ey n o ld s  sh e a r  s t r e s s  
t e n s o r
c o o r d in a t e  in  m ain f lo w  d i r e c t i o n
s p a c la l  c o o r d in a t e s
m ic r o s c a le
dynam ic v i s c o s i t y
k in e m a tic  v i s c o s i t y
d e n s it y
w a ll sh e a r  s t r e s s
i s o t r o p i c  tu rb u le n ce  d i s s i p a t i o n
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